Rutile precipitation within alumina scales grown on coated nickel based superalloy CMSX-4 has been found to occur preferentially at grain boundaries within the scale. Misorientation analysis using Rodrigues-Frank space has revealed clustering of the misorientation between neighbouring grains of corundum and rutile about the established <0001> C {11 2 ̅ 0} C // <010> R {101} R orientation relationship observed in Ti-containing sapphire crystals. The fraction of interfaces found to exist in this configuration is sufficient to explain the nucleation of rutile from a single corundum grain abutting the rutile grain. The diffusive behaviour of Ti has been observed to vary considerably within three commercially used coatings, a plain aluminide coating, a plat-aluminide coating and a diffused platinum coating. Titanium diffusion is enhanced by the presence of Pt. However this did not lead to the precipitation of more rutile, which although observed in all three coatings, was present in sufficient quantity to be detected using XRD only within the plain aluminide coated samples.
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In recent years, the increased temperature capability of nickel-based superalloys used in gas turbine applications has been largely due to the application and improvement of thermal barrier coatings (TBCs) and associated gas cooling. Current combustion temperatures in commercial gas turbines make thermal barrier coatings a necessity for both turbine blades and static vanes operating in the first stage of the turbine. Thus increasing the longevity of these coatings, limited by TBC spallation, is of the upmost importance to the industry. One such major improvement has been the electro-deposition of a thin Pt layer to the substrate as a stand-alone bond layer under the YSZ [1, 2] . Spallation tests for superalloys coated with this diffused Pt coating (also termed Pt-modified or duplex γ / γ′ coating), consistently display very good TBC spallation life compared with Pt-aluminide, plain aluminide and MCrAlY bond coats, with results consistent over a number of substrates [3, 4, 5] .
In the last five years however, there has been increasing evidence that the use of Pt within coatings alters the activity of Ti [5, 6] , a low density alloying element, used for stabilizing and strengthening γ′. It is well established that Pt decreases the activity of Al, which then results in the uphill diffusion of Al from the substrate, maintaining a high concentration close to the surface facilitating alumina scale growth and re-formation. Pint et al. [5] have obtained micro-probe measurements showing raised Ti concentrations close to the surface of Diffused-Pt coated CMSX-4 after prolonged thermal cycling. Tawancy et al. [6] observed uphill Ti diffusion for the same system, with Ti and Pt both segregating to the γ′ phase. Ab-initio calculations using density functional theory have shown that Pt stabilizes defect formation in β-NiAl, enhancing anti-site assisted and solute vacancy diffusion mechanisms [7, 8] .
Titanium (IV) oxide, exists as a multitude of polymorphs, three of which are stable at atmospheric pressure; anatase, brookite and rutile. Of these, brookite is difficult to synthesise and literature on its formation is sparse. The phase transformations between anatase and rutile have been extensively reviewed by Hanaor et al. [9] : anatase transforms to the stable rutile structure in air, at temperatures far below those experienced in gas turbines, although reported transformation temperatures do vary considerably [10, 11] . Upon the application of pressure, the tetragonal rutile structure has been found to undergo a transformation to an orthorhombic polymorph with a α-PbO 2 structure, known as α-TiO 2 [12] . At temperatures below 500˚C, this critical pressure falls within the realm of TGO stresses measured during thermal cycling [13] .
The α-TiO 2 phase has been observed to transform into rutile following stress relaxation within Ti doped sapphire [14] .
The solubility of Ti within alumina scales is thought to occur via the formation of Ti Al substitutional defects for Ti 3+ ions and vacancy clusters consisting of 3Ti forms 'needle' and 'heart-shaped' precipitates, which are usually twinned [20, 21] . At 1200-1300˚C, He et al. [21] observed α-TiO 2 precipitates which form initially, subsequently undergo twinning to minimize coherency strain energy with the sapphire matrix, then transform to the rutile structure. 4
Tawancy et al. [6] concluded that the formation of TiO 2 within scales formed on diffused Pt coated nickel superalloys, leads to increased oxide spallation. This is thought to occur via de-lamination of the alumina scale, assisted by void formation at TiO 2 particles forming at the oxide/metal interface. Other recent investigations of the resistance of these coatings to high temperature thermal exposure [25, 26] have consistently observed rutile growth on plain aluminide coatings. Shirvani et al. [26] observed TiO 2 rutile formation upon plain aluminide coated CMSX-4 but not upon Pt-aluminide coated sample after cyclic oxidation.
The progressive removal of titanium from alloys designed for optimum environmental resistance has been a strong trend for a number of years, but our current understanding of the role Ti plays in such degradation of thermal barrier coatings is limited. As yet there has been no comparative study between the effects of different coating composition on the diffusional and oxidative behavior of Ti. The orientation relationship between rutile and corundum is well characterized in Ti-doped sapphire, but as yet there is no evidence for any orientation relationships occurring within thermally grown alumina scales. The main purpose of this investigation is therefore to observe and characterize the behavior of Ti and associated rutile formation within several bond coat systems during high temperature oxidation. Knowledge of the precipitation mechanism will assist in our understanding of the stress distributions associated with rutile formation in oxide scales.
Experimental
For this investigation, three commercially used diffusion coatings were applied to single This is partly due to the slightly lowered temperature used during aluminizing and thicker Pt layer, reducing outward nickel diffusion. As the aluminium chips are pre-alloyed the designation 'Low-Activity' is still used.
Samples of coated CMSX-4 were oxidized both isothermally and cyclically in air at 1100˚C. The cycle consisted of a 5-minute ramping period, followed by a 55-minute hold at temperature, before a 20-minute cooling period. After 1, 25 and 100 cycles, oxide and coating phases were analyzed using XRD. Samples were oxidized isothermally for 25, 100 and 500 hours. A JOEL 5800 scanning electron microscope was used to obtain micrographs. The diffusion of alloying elements within each coating has been mapped and quantified using Wavelength Dispersive X-ray Spectroscopy (WDS) on a Cameca SX100 electron microprobe. Glow Discharge Optical Emission Spectroscopy (GD-OES) measurements were obtained using a Horiba GD-profiler 2 spectrometer, while XRD data were obtained using a Rint-2500 X-ray diffractometer. Transmission electron microscopy EDS data was collected using a JOEL JEM ARM-200F transmission electron microscope at 200 keV. The diffraction patterns, used for phase identification and orientation mapping, were recorded at 300 keV on a CM300 FEG-TEM that was retro-fitted with a Nanomegas ASTAR unit. This allows fast scanning of the electron beam across the sample with a high-rate digital camera used to record a diffraction pattern at each point of the scan [28] . The digitized pattern is compared to templates determined from the expected crystal structure(s) of the sample. Pattern matching is performed using a cross-correlation calculation (or correlation index) between the experimental pattern and the template patterns. The reliability of the pattern match is done by comparing the correlation index for the best pattern match with the index score for the second best match in the library. Large reliability therefore indicates an unambiguous orientation determination. This comparison allows the phase and orientation of each pixel in the scan to be determined.
The ASTAR system was used to study the orientation of a rutile particle (TiO 2 , tetragonal, space group P4 2 /mnm) and two surrounding corundum grains (Al 2 O 3 , trigonal, space group R3 ̅ c) in a region of interest approximately 750 x 350 nm 2 . A cropped image is depicted in figure 7 . The camera length used was 17 cm and the spot size and step size in either direction were 5 nm. For this data set precession electron diffraction was not utilized.
Plotting and grain reconstruction were performed using the Matlab toolbox -Mtex [29] . For When EBSD and ASTAR data are plotted on the same set of axes, a transformation matrix, corresponding to a 30° rotation about the z-axis was applied to the corundum data obtained using ASTAR.
Results

Coating Microstructural Evolution
The backscattered micrographs of the three coatings are shown in figure Regions of each sample, after 100 hours isothermal exposure, were mapped with WDS close to the surface scale and these maps are shown in figure 5 . In all three coated samples, Ti 'clusters' within the oxide scale can clearly be observed. Initially it was thought that a lack of oxide spallation in the Pt containing coatings could attenuate scattered x-ray intensity received from the rutile, hiding the peaks, particularly at low grazing angle. Therefore samples were thermally cycled to elucidate whether this effect was indeed occurring.
However it can clearly be seen in figure 3 that the difference between cycled samples (right hand side) and isothermal (left) is minimal; there is no significant change in oxide phase composition from one type of test to the other.
Foils from each coating were prepared, using the FIB lift out technique. The samples were oxidized for 25 hours at 1100°C to ensure little or no spallation had occurred. Energy dispersive x-ray spectroscopic mapping, shown in figure 6 , reveals Ti concentrations in two isolated regions of the oxide scale grown on the diffused Pt coated TEM foil. Subsequent diffraction pattern analysis reveals these particles have the rutile P4 2 /mnm space group.
In order to compare the orientation of the rutile particle with the surrounding alumina grains, the particle shown in figure 6 was mapped using ASTAR to observe possible orientation relationships with the surrounding α-Al 2 O 3 . This was done at two tilts, in order to achieve zone axis diffraction patterns for both rutile and one of the two surrounding 
The Rodrigues-Frank (RF) representation of both grain orientations and disorientation between neighboring grains was proposed by Heinz and Neumann [30] for disorientation analysis. Rodrigues-Frank space is suitable for visualizing the combined symmetry for two point groups on one plot. He and Jonas [31] have explored the shapes of these domains within RF space for different Laue groups.
The RF vector is calculated from an orientation matrix for any given grain and constitutes an angle of rotation ω along with a corresponding rotation axis . This angle/axis pair can be calculated as the eigenvalue and eigenvector respectively of orientation and misorientation matrices. All symmetrically equivalent orientation matrices are considered and the one(s) that fulfill(s) the criterion of having the smallest rotation angle ω are represented. For a given disorientation, m, ω and are defined as a rotation between orthogonal axes within both crystal systems.
The Rodrigues-Frank vector is truncated by the tangent of the angle ω. This yields an important result, namely that the domain shape for all that is formed either analytically or 
Discussion
Coating Degradation
Three commercially used thermal barrier coating systems, consisting of a diffusion coating applied to a second generation nickel based superalloy have been exposed both isothermally and cyclically at 1100˚C in air, to examine the effects of thermal exposure on micro-structural evolution, oxide formation and diffusion kinetics. The precipitation of γ′ within single phase β-Ni(Pt)Al is retarded by the presence of Pt, due to the maintenance of a slightly higher Al concentration within the coating. The transformation from ξ-PtAl 2 + β-Ni(Pt)Al to pure β was also found to require several cycles to occur at this temperature. The near surface microstructure of the diffused Pt coated samples were found to change from predominantly γ′ to γ. The presence of Pt within the fcc and L1 2 phases can maintain a higher Al concentration, than in the bulk, however during exposure in air, a slight outward flux of Al (due to scale growth and re-formation) and dilution of Pt, substantiates this transformation from γ′ to γ. No martensitic L1 0 phase was is believed to have formed within either the aluminide or Pt-aluminide coatings. This is most evident from the lack of any observable peak (L1 0 (200)) close to 47 degrees two theta. This phase has been observed to form at temperatures below 620˚C during high temperature in situ XRD measurements and after oxidation at 1150˚C within aluminized [32] and Pt-aluminized René N5 [33] .
Behavior of Ti
The superior detection limits of wavelength dispersive x-ray spectroscopy over the energy dispersive technique have enabled the accurate quantification of of Ti and Mo (Hf less so) within these coating systems. With a low free energy of oxide formation, it was anticipated that Ti would diffuse readily to the surface, and this is indeed the case. After prolonged exposure, the equilibrium concentrations of these elements increase significantly with the incorporation of Pt within the β-NiAl phase. This result is consistent with the theory proposed by Marino et al. [7, 8] that the Pt effect increases defect stability within β-NiAl, lowering the migration energy barrier for Al diffusion, and thereby also increasing the Ti equilibrium concentration within the B2 structure. The uphill diffusion observed within the diffused Pt coating also suggests that this effect is present within γ′ when considering the work conducted by Tawancy et al. [6] .
The XRD traces indicate much more rutile formation within the plain aluminide samples than either the Pt-aluminide or the diffused Pt coatings. This result is consistent with the findings of Shirvani et al. [26] , who cyclically oxidized specimens of plain aluminide and Ptaluminide coated Rene-80 (containing 4 wt.% Ti). The oxidation regime appears to have little effect on the nature of the oxide formed at 1100°C, although accelerated precipitation of rutile is observed during cycling. The results of WDS mapping, reveal small Ti rich particles, within the α-Al 2 O 3 on all three types of coating after thermal exposure. These particles appear most abundant on the plain aluminide sample. Examination using TEM selected area diffraction and EBSD has confirmed that these precipitates are indeed rutile. While the location of these particles in WDS maps within the TGO is difficult to determine, close inspection of the Ti and Al maps in figure 5 , reveals that the Ti rich particles are located away from the scale surface, within the plain aluminide coating. These precipitates are abundant and can be presumed to be the source of rutile peaks observed within XRD spectra. After 500 hours of isothermal oxidation, rutile particles within this coating are found to occur approximately half way through the scale, clearly seen within figure 8, so the precipitates are encapsulated within the TGO. It has been hypothesized by Tawancy et al. [6] that void formation at the metal/oxide interface from TiO 2 precipitates leads to increased scale spallation. The implication of our findings is that spallation resistance cannot be so obviously impaired by rutile precipitation as concluded by Tawancy et al. [6] , as the scale does not always spall and continues to grow beneath the precipitates. The scale can accommodate a large volume fraction of these precipitates, which is clear from figure 8 . The evolution of the stress/strain relationship between matrix and an embedded particle would be useful to ascertain how the scale can accommodate such a large fraction of rutile precipitates and remain intact.
Orientation between rutile and corundum
The orientation between a rutile particle and two surrounding corundum grains has been mapped using TEM retro-fitted with a Nanomegas ASTAR unit. Further analysis of the orientation of the two phases using stereographic projection, reveals that neither of the two alumina grains fulfills the orientation relationship with the rutile grain reported in the literature. This is also shown in Rodrigues-Frank space within figure 9c, along with EBSD data for direct comparison. Mapping of the TGO containing rutile particles using EBSD has revealed an orientation relationship between adjacent corundum (point group 3 ̅ m ) and rutile degrees. The precipitation of rutile occurs preferentially at triple and quadruple junctions, nucleating from a single corundum grain, hence the expected fraction of nearest neighbor grains that will adopt the orientation relationship for nucleation is close to 1/4. It is therefore entirely plausible that the vast majority of rutile grains observed precipitate from an adjacent corundum grain with the <0001> C {112 ̅ 0} C // <010> R {101} R orientation relationship reported for sapphire [14, 20, 21] .
The mapping of the two structures onto one another using the positive y-axis as the axis of rotation is shown in figure 10 . twinning is attributed to a reduced driving force for coherency, as the precipitates form at grain boundaries, where most interfaces with the corundum matrix, will not be coherent.
Precipitation Mechanism for rutile
It appears that rutile precipitation is not preceded by the formation of α-TiO 2 in the coating systems studied as no evidence for this phase was observed either in either the TEM or the XRD investigations. Neither has any ternary Ti-Al-O compound been observed in the samples examined. This is supported by the findings of Slepetys et al. [24] and Li et al. [36] , the latter using Ti-Al 2 O 3 diffusion couples, who have predicted that corundum and rutile are the stable oxide phases to oxygen partial pressures below -17 log(bar) at 1100°C. This is approximately 2/3 of the logarithm of the dissociation pressure of corundum at this temperature. For precipitation within the scale, oxygen partial pressure forms a boundary, below which Ti exists in some other form. For an outward flux of Ti along alumina grain boundaries, the critical partial pressure of oxygen for titania to form will therefore be some distance away from the scale/metal interface and this is clearly shown in figure 8 . Where the scale is non-protective (i.e. contains pores or cracks) the nucleation of rutile may well occur at the scale/metal interface, which could explain the location of Ti 'clusters' in figure 5.
Other possible precursors to rutile exist, which are stable below the oxygen dissociation pressure of TiO 2 . Titanium monoxide forms close to the dissociation pressure of oxygen for corundum at 1100°C [35] . However the transformation sequence to TiO 2 would be unlikely to result in an orientation relationship with the corundum matrix. Titanium nitride is observed to form as inclusion precipitates during casting in a turbine disk alloy, IN718. These particles then act as nucleation sites for carbides [37] . However EDS maps taken over regions similar to that shown in figure 5 have not been found to contain any regions rich in both Ti and N.
The direct nucleation of rutile at a grain boundary within thermally grown alumina, is substantiated by the orientation relationship observed between adjacent grains of rutile and corundum. As close to one fifth of all neighbours exist with the orientation relationship that is adopted when rutile precipitates within sapphire [14, 20, 21] . The location of the rutile precipitates within the scale is determined by the difference in oxygen dissociation pressure with that of corundum, assuming that the activities of the metal ions are not substantially different from each other. There is a reduced driving force for coherency with the sapphire matrix in these complex polycrystalline coatings that alters precipitate morphology, negates the need for twinning and destabilizes α-TiO 2 .
Conclusions
Grain Boundary precipitation of rutile was found to occur within alumina scales formed upon aluminized CMSX-4. Pt-aluminide and diffused-Pt coated specimens formed much less rutile.
A methodology for using Rodrigues-Frank space to represent misorientation between neighbouring rutile and corundum grains has been presented. The neighbours were found to cluster about a misorientation consistent with the <0001> c {112 ̅ 0} c // <010> R {101} R orientation relationship that is observed within Ti doped sapphire. This is sufficient to explain the nucleation of rutile from a single corundum grain, at multi-grain junctions within the scale.
WDS and GD-OES measurements indicate Pt increases solute diffusion within β-NiAl and γ-Ni + γ′-Ni 3 Al coating phases. Consequently these solute species, including Ti, can migrate to the surface more rapidly during high temperature exposure.
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